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A B S T R A C T   
The combined action of physical protection and chemical stabilisation is the main factor regulating the persis-
tence of soil organic matter (SOM). In particular, physical protection refers to the compartmentalization of SOM 
and microbial biomass within aggregates. Thus, we have investigated the role of (macro-, meso- and micro-) soil 
aggregates in the protection of SOM and extracellular and intracellular DNA (eDNA vs iDNA) from oxidative 
stress by treating aggregates with Low Temperature Ashing (LTA) for different durations (0, 5, 24 and 48 h). DNA 
(exDNA vs iDNA) was sequentially extracted from the different aggregate size classes, and qualitatively (agarose 
gel electrophoresis) and quantitatively (fluorimetry; spectrophotometry) analysed, discriminating between 
double stranded (ds) and single stranded (ss) DNA. In addition, comparative PCR-DGGE (exDNA vs iDNA) was 
performed to assess the bacterial, fungal and archaeal communities of the different aggregate size classes. The 
use of LTA enabled to determine the amount of physically protected DNA in different aggregate sizes, evidencing 
the potential involvement of both exDNA and iDNA in the formation of the aggregates. Our results also provided 
insights into the important role of soil aggregates in protecting the genetic information of the autochthonous soil 
microbiota. The PCoA of bacterial, archaeal and fungal DGGE patterns displayed contrasting results. While 
fungal and archaeal fingerprinting patterns revealed direct relationships with aggregate sizes and LTA treatment, 
the bacterial community was not affected by these factors. This suggests a selective action of the size of ag-
gregates on the dominant soil microbial community members. Our findings indicate that aggregates provide a 
protective habitat for the soil microbial community against environmental stress conditions, such as oxidative 
stress. Further, the specific protection of the soil microbiota (bacteria vs archaea vs fungi) is directly correlated to 
the size distribution of the microbial community and the aggregate size classes.   
1. Introduction 
Soil aggregates are composite soil structures formed through the 
combined action of cohesion and fragmentation processes. Within these 
structures the micro-aggregates, composed of diverse mineral, organic 
and biotic materials formed during pedogenesis by various physical, 
chemical and biological processes, provide preferential microhabitats 
protecting soil organic matter (SOM) from degradation (Six et al., 2004; 
Totsche et al., 2018) and microorganisms from predation up to several 
decades (Dini-Andreote and van Elsas, 2019). Protection of SOM occurs 
preferentially within soil micro-aggregates rather than in macro- 
aggregates (Six et al., 2000). Micro-aggregates, with their physico- 
chemical heterogeneity of surfaces and three-dimensional structure, 
provide a large variety of ecological niches that contribute to the vast 
biological diversity found in soils (Totsche et al., 2018). Differently sized 
soil aggregates correspond to different habitats and play distinctive roles 
in the formation of soil structure, oxygen diffusion (Ebrahimi and Or, 
2016; Sextone et al., 1985), water flow (De Gryze et al., 2006) adsorp-
tion or desorption of nutrients (Linquist et al., 1997; Wang et al., 2001) 
and protection of soil from runoff erosion (Barthès and RooseEric, 
2002). Abundances and characteristics of aggregates have a significant 
impact on activities, biomass, composition and distribution of microbial 
communities in soil (Fox et al., 2018; Jiang et al., 2011; Nunan et al., 
2003; Six et al., 2004). Vice versa, soil microbial activities can affect 
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aggregate formation through several processes such as secretion of by- 
products and release of exo-polysaccharides, extracellular DNA 
(exDNA), etc. (Dini-Andreote and van Elsas, 2019). 
The environmental DNA pool is made up of its intracellular (iDNA) 
and exDNA fractions (Nagler et al., 2018; Pietramellara et al., 2009). 
The specific characterisation of iDNA provides insights into composition 
and functions of soil microbial communities (Torsvik et al., 1996). 
Concerning the possible ecological significance of iDNAss (iDNA single 
strand), it has been reported that the breakdown of genomic DNAss, 
induced by endogenous or exogenous stress factors, frequently occurs in 
microbial cells. In most cases, DNA damage occurs in relatively small 
areas, which can be easily fixed by cellular repair processes (Mirabelli 
et al., 1985). However, some stressors such as radiations (Mirabelli 
et al., 1985), heat (Andrew and Greaves, 1979) and highly oxidative 
conditions (Cadet and Davies, 2017) can cause wider damage to DNA 
that cannot be fixed by cell repair processes (Mirabelli et al., 1985), thus, 
gradually accumulating (Cadet and Davies, 2017) and leading to its 
death (Andrew and Greaves, 1979). Hence, it is reasonable to assume 
that iDNAss could provide a robust and readily determinable index of 
microbial stress when compared with the respective iDNAds (iDNA 
double strand) form. 
On the other hand, exDNA contains extracellular genetic information 
potentially involved in genetic exchange via bacterial transformation 
(Nelsen et al., 2007), with evolutionary implications in soil (Dini- 
Andreote and van Elsas, 2019). Furthermore, soil exDNA can be a 
readily available source of nutrients for microorganisms (Mulcahy et al., 
2010) and act as selective plant allelopathic substance (Mazzoleni et al., 
2015a,b; Paungfoo-Lonhienne et al., 2010, 2016) or as an aggregate 
stabilising agent (Büks and Kaupenjohann, 2016; O.Y.A. Costa et al., 
2018). The discrimination between ds and ss forms of the exDNA frac-
tion of the total soil DNA pool can provide insights into exDNA degra-
dation in soil (Morrissey et al., 2015; Pathan et al., 2020). 
Oxidation under controlled laboratory conditions, simulating natural 
oxidative processes (Eusterhues et al., 2003), can provide insights not 
only into the stability of SOM but also into the protection of SOM exerted 
by different classes of soil aggregates (Eusterhues et al., 2003, 2005; 
Mikutta et al., 2006). The Low Temperature Ashing (LTA) method, 
based on the use of cold oxygen plasma, allows the controlled removal of 
SOM from both the surface and inside of soil aggregates without 
damaging and altering inorganic constituents and thus, without dis-
turbing the aggregate fabric (D’Acqui et al., 1998, 1999, 2017; Pucci 
et al., 2008). SOM in the peripheral regions of aggregates is easily 
accessible to free electrons, excited atoms and molecules of plasma, 
whose rate of diffusion is mainly controlled by soil porosity (Ebrahimi 
and Or, 2016; Yan et al., 2018). Based on the assumptions that LTA 
mimics natural oxidative processes and does not depend on the intrinsic 
nature of organics, it is plausible to hypothesise that the organic C which 
remained inside the aggregates after 48 h of LTA treatment (not any 
further removal occurs after this time) represents the physically pro-
tected pool (D’Acqui et al., 2017). This organic pool, also containing the 
residual DNA, is inaccessible to soil microorganisms, poorly accessible 
to O2 due to limited diffusion, and characterised by long SOM turnover 
times (Lützow et al., 2006; Six et al., 2004; Stockmann et al., 2013). 
To the best of our knowledge, there are no studies about LTA applied 
to soil-aggregates to assess the physical protection of the various soil 
DNA fractions (iDNA vs exDNA). This study aimed to evaluate the dy-
namics of the soil DNA pool through soil aggregates fractionation. In 
particular, the physical protection of both exDNA and iDNA fractions in 
aggregates of different size classes by using the LTA method. The 
starting hypotheses of this research were: i) both exDNA and iDNA are 
differently distributed in soil aggregates of varying size due to the 
different protection exerted by aggregates on organic molecules against 
degradation; ii) micro-aggregates represent a more protective environ-
ment for DNA than meso- and macro-aggregates. To verify these hy-
potheses, we sequentially extracted exDNA and iDNA from different 
aggregate classes subjected to the LTA treatment for different durations 
(0, 5, 24, 48 h) and quali-quantitatively characterised their double 
stranded (ds) and single stranded (ss) DNA forms. This approach is 
capable of discriminating the potentially living microbial community 
(iDNAds) and to determine its physiological status (iDNAss), thus 
providing detailed information about its response to highly oxidative 
conditions, as simulated by the LTA treatment. Further, information on 
the exDNA at a functional level (potential to act as a genetic source) on 
the basis of its degradative status is well represented by the exDNAss to 
exDNAds ratio (Pathan et al., 2020). Principal Coordination Analysis 
(PCoA) of iDNA and exDNA DGGE fingerprinting patterns was per-
formed to assess the dynamics of the potentially living microorganisms 
(iDNA) and those releasing exDNA molecules in soil aggregates. This 
approach is assumed to be capable of evidencing the role of exDNA as a 
source of potential biases in the correct and reliable characterisation of 
the soil microbial community (Carini et al., 2017). In addition, infrared 
photoacoustic spectroscopy (IR-PAS) was performed to characterise 
SOM removed from the different aggregate size classes (D’Acqui et al., 
1999, 2017). 
2. Materials and methods 
2.1. Soil characteristics and aggregate size separation 
Ten kg of soil were sampled at 0–10 cm depth for each of the three 
independent biological replicates from the Vallombrosa Forest (50 km 
east of Florence, Italy), 43◦43′55′′N 11◦33′28′′E, which covers about 13 
km2 of the Apennines Range, from about 600 to 1300 m above sea level. 
Silver fir (Abies alba Mill.) and European beech (Fagus sylvatica L.) are the 
dominant tree species of the area. The soil was classified according to US 
Soil Taxonomy as fine loamy, mixed, mesic, Humic Dystrudept and 
characterised by an acid pH (5.5), loam texture, and about 4,6% and 
0.5% of total organic C and total N content, respectively (Agnelli et al., 
2004; Certini et al., 2003). Samples were collected under vegetation of 
beech trees and then carefully transported to the laboratory in boxes, 
stored on ice, to prevent enzymatic degradation of DNA. Then, soils were 
sieved (<2 mm), transferred to a nest of sieves and treated for 3 min at 
amplitude 0.7 on a Lab particle vibration sieving machine (LMSM 75/ 
200, Laarmann, The Netherlands), to obtain the following range-classes 
of aggregates: 500–1000 μm, 500–100 μm and <100 μm, termed in this 
paper as macro-aggregates, meso-aggregates and micro-aggregates, 
respectively. These ranges were selected to have in class 500–100 μm 
an average of whole aggregates around 250 μm and in the one of <100 
μm an average of whole aggregates around 50 μm. Based on conceptual 
models, the limit between micro- and macro-aggregates is convention-
ally established at 250 μm, and the aggregates in the selected range can 
be further differentiated as large micro-aggregates (here named as meso- 
aggregates) and small micro-aggregates, respectively (Totsche et al., 
2018). 
2.2. Low-Temperature Ashing (LTA) 
The LTA procedure was performed with a self-assembled apparatus 
as described by D’Acqui et al. (1999). The soil samples were placed in 
the LTA reactor and evacuated at 45 Pa under oxygen at 20 mL min− 1 
flow rate. The generation of oxygen plasma was obtained with a radi-
ofrequency of 13.56 MHz using a power input of 100 W and a reflected 
power of 5 W. Under these conditions, the temperature was maintained 
below 80 ◦C. Aliquots (1 g) of aggregates of the three different size 
classes were settled directly in the reactor and exposed to LTA for 5, 24, 
and 48 h (h), respectively. The control samples were not LTA treated (0 
h) aggregates. The treatments were stopped at 48 h because no further C 
removal - as checked by elemental analysis at the end of each treatment - 
was observed in the tested aggregates beyond this time (plateau phase). 
The total OC content of not treated aggregates (0 h) and LTA treated 
aggregates was determined by dry combustion with the carbon analyser 
Carlo Erba NA1500 CHNS. The LTA treatment for each aggregate size 
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class was replicated 3 times. 
2.3. Infrared photoacoustic spectroscopy (IR-PAS) 
Infrared photoacoustic spectroscopy (IR-PAS) was used to study the 
composition of SOM at the surface of untreated and LTA-treated ag-
gregates (D’Acqui et al., 1999, 2017). Photoacoustic infrared spectra 
were recorded by a Perkin-Elmer Spectrum GX2000 spectrometer 
(running under Spectrum 5.0 software) equipped with a MTEC 300 
detector (MTEC, Ames, IA, USA). Spectra were collected in the range of 
4000–550 cm− 1 at 8 cm− 1 of the resolution, and 512 scans were merged. 
A charcoal blank spectrum was run as a reference. PAS difference 
spectra were obtained as the difference between spectra collected before 
and after LTA treatments, to gain insights into the chemical structure of 
the SOM removed by LTA. PAS difference spectra were smoothed, 
baseline corrected and normalised as reported by D’Acqui et al. (1999, 
2017). 
2.4. Sequential exDNA and iDNA extraction and comparative PCR- 
DGGE fingerprinting 
Both exDNA and iDNA were extracted from untreated (0 h) and LTA- 
treated (5, 24 and 48 h) soil aggregates (500–1000 μm, 500–100 μm and 
<100 μm) using the sequential extraction method described by Ascher 
et al. (2009). Briefly, 0.5 g of soil of each aggregate class was used for the 
sequential DNA extraction. exDNA was obtained by gentle washings in 
alkaline sodium phosphate buffer (Na2HPO4, pH 8). iDNA was extracted 
from the residual soil pellets using the FastDNA® Spin Kit for Soil (MP 
Biomedical, USA), according to the Manufacturer’s protocol. Both DNA 
fractions were purified using the Gene Clean procedure, a component of 
the extraction kit, so to obtain PCR-compatible DNA. The quantification 
of DNA by Qubit® 2.0 fluorometer (Invitrogen, Eugene, Oregon, USA) 
yielded the amount of the double stranded form of DNA (DNAds). In 
contrast, the quantification using the PicoDrop Microliter Spectropho-
tometer at 260 nm showed the amount of total DNA, that is the sum of 
DNAds and the single stranded DNA forms (DNAss). The amounts of 
iDNAss and exDNAss were calculated by subtraction (Gardner and 
Gunsh, 2017; Pathan et al., 2020). Throughout the manuscript, the term 
total DNA refers to the DNA concentration measured by PicoDrop 
Microliter Spectrophotometer, which includes DNAds and DNAss, 
independently of the target DNA fraction (exDNA vs iDNA). Further, the 
term “fraction” refers to exDNA and iDNA, while the term “form” refers 
to DNAds and DNAss. The molecular weight and fragment length dis-
tribution of iDNAds and exDNAds were checked on 0.8% TAE 1×
agarose gel containing ethidium bromide. The primer sets gc-968f/ 
1401r (Nübel et al., 1996), FF3990/FR1gc (Vainio and Hantula, 2000) 
and ARCH519/gcARCH915 (Coolen et al., 2004) were used to amplify 
the bacterial 16S rRNA gene, the fungal 18S rRNA gene and the archaeal 
16S rRNA gene, respectively. The INGENY PhorU system (Ingeny In-
ternational BV, Netherland) was used to perform DGGE analyses; gel 
running and staining conditions were those described by (Ascher et al., 
2012). Gels were analysed using the GelDoc system imaging analysis 
software (Bio-Rad Laboratories, USA). 
2.5. Statistical data analysis 
exDNA and iDNA data were analysed by two-way ANOVA and 
multiple pairwise comparisons (One-way ANOVA). Two-way ANOVA 
was performed to evaluate the independent and interaction effect of the 
LTA treatment and aggregate size classes on the different fractions 
(exDNA, iDNA) and forms (ss and ds) of the soil DNA pool. One-way 
ANOVA followed by Tukey’s HSD test, analysed the effect of the LTA 
treatment on each aggregate size class. The Quantity-One® (Bio-Rad 
Laboratories, USA) software was used to analyse the DGGE banding 
patterns. The lanes were normalised to contain the same amount of total 
signal after background subtraction. Finally, the effects of LTA treatment 
and aggregate size on the composition of both iDNA and exDNA were 
evaluated by PCoA, considering the presence/absence of DGGE bands. 
All statistical analyses were performed using the PAST (Paleontological 
Statistic, version 3.5.X) program (Hammer et al., 2001) and R Statistical 
Environment (R development Core Team, 2008). 
3. Results 
3.1. Dynamics of C removal by LTA 
The LTA treatment caused a rapid C loss within the first 5 h. The OC 
removed accounted for more than 40% of the amount in macro- and 
meso-aggregates and around 30% of that in the micro-aggregates 
(Fig. 1). After 5 h, the removal rate was sensibly reduced, and a sub-
stantial steady state was already reached after 24 h. After 48 h, no 
further OC removal occurred. This residual amount - defined by D’Acqui 
et al. (2017) as physically protected C was highest in the micro- 
aggregates (62%) and accounted for 53% in macro- and 46% in meso- 
aggregates, respectively. 
The PAS difference spectra (0–48 h) (Fig. S1), showed that the 
organic material (OM) removed by the LTA treatment from meso- and 
micro-aggregates was similar in terms of its chemical structure, whereas 
OM removed from macro-aggregates showed differences, being the 
bands at 1731, 1552 and 1381 cm− 1 more intense than in meso- and 
micro-aggregates. The main peaks of most spectra were due to asym-
metric and symmetric -CH2- stretching (2920–2855 cm− 1), C–O 
stretching of COOH groups (1720–1740 cm− 1), amide I or quinone band 
(1650 cm− 1) and amide II bands (1552 cm− 1), CH2- bending 
(1440–1460 cm− 1), C–O stretching of phenolic C-OH (1270 cm− 1), and 
asymmetrical stretching of COO− groups and amine groups of hetero-
cyclic and aliphatic structures (1380 cm− 1). 
3.2. The dynamics of DNA removal and its protection under the LTA 
treatment 
The LTA removal of both exDNA and iDNA fractions and their 
respective forms (ds and ss) followed a similar trend as found for the OC 
removal (Figs. 1 and 2). After a rapid decrease within the first 5 h for all 
DNA forms, except those of macro-aggregates, the decrease rate slowed 
down (24 h) and remained constant at 48 h. The removal patterns of all 
DNA forms of macro-aggregates showed a continual decrease rate until 
48 h (Fig. 2). Two-way ANOVA results showed that LTA treatment (T) 
and aggregate size classes (S) and their interactions (T × S) had gener-
























Fig. 1. Dynamics of organic carbon (OC) removal by Low Temperature Ashing 
(LTA). OC measured in macro-aggregates (1000–500 μm), meso-aggregates 
(500–100 μm) and micro-aggregates (<100 μm) before (0 h) and after LTA 
treatments (5, 24 and 48 h). Data represent means and errors of three replicates 
(n = 3). 
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their respective forms (except for the aggregate size effects on total and 
iDNAss) (Table 1). 
The DNA concentrations were calculated on a total OC basis of the 
different aggregate sizes for the different LTA treatments (Table 2). 
Among the untreated LTA aggregates (0 h LTA) of total DNA (sum of 
DNAds and DNAss) the micro-aggregates had the significantly highest 
content of total exDNA and the macro-aggregates had the lowest values 
for both exDNA and iDNA. In comparison, the meso-aggregates showed 
similar values for exDNA and iDNA (Fig. 3a). Amounts of DNAss pre-
vailed over the amounts of DNAds in both exDNA and iDNA fractions, 
accounting for about 2/3 of the respective total DNA (Fig. 3b and c). The 
amount of exDNAss of untreated micro-aggregates was the highest 
(196.2 μg g− 1 of C, accounting for 70.2% of the respective total DNA). In 
contrast, double-stranded forms (ds) of both exDNA and iDNA of all of 
the three aggregate size classes showed the lowest values (Fig. 2b, c and 
Table 2). 
The percentage of physically protected DNA (i.e. the residual C after 
48 h of LTA treatment), calculated with respect to the amount of the 
relative untreated aggregates (0 h), was significantly lower in all DNA 
forms than the one measured for protected OC (Figs. 1 and 2a–f). The 
physically protected percentages of total exDNA were 20.2%, 22.8% and 


































































































































































Fig. 2. DNA removal dynamics by Low Temperature Ashing (LTA) for the different size classes of aggregates: a) exDNA total; b) iDNA total and their fractions 
(single- vs. double stranded); c) exDNA double stranded; d) iDNA double stranded; e) exDNA single stranded and f) iDNA single stranded. Data represent means and 
standard errors of three replicates (n = 3). 
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These values showed that total exDNA was less physically protected in 
micro-aggregates than in the other two aggregate size classes. On the 
contrary, total iDNA showed comparable percentages of physically 
protected DNA, being 5.3%, 7.5% and 4.0% for macro, meso- and micro- 
aggregates, respectively. Concerning the DNAds forms, both exDNA and 
iDNA of meso-aggregates were more preserved (21.2% and 12.9%, 
respectively) than those of macro- (13.2% and 6.5%, respectively) and 
micro-aggregates (9.3% and 2.9%, respectively) (Fig. 4b). As it concerns 
the physically protected DNAss forms, those of exDNA of macro- 
(23.9%) and meso-aggregates (23.7%) were more preserved than those 
in the micro-aggregates (4.0%) and those of iDNA (4.4%, 5.0% and 4.4% 
in micro-, meso- and micro-aggregates, respectively) (Fig. 4c). 
Furthermore, the agarose gel electrophoresis of both DNA fractions 
showed their rapid degradation during the LTA treatments, as reflected 
by a marked reduction of the molecular size of the DNA fragments, 
expressed as base pairs (bp) (Fig. 2). Concerning the size of the DNA 
fragments, the agarose gels revealed a higher protective action of macro- 
aggregates on both iDNA and exDNA fragments with respect to meso- 
aggregates and micro-aggregates. The size of DNA fragments in 
macro- and meso-aggregates after 5 h and 24 h of LTA treatment were 
about 200–100 bp and >100 bp, respectively. Whereas in micro- 
aggregates, no fragments resisted to a LTA treatment of 5 h, or, at 
least, they were degraded to amounts below the detection limit. Further, 
the iDNAss/iDNAds ratio was calculated and used as a microbial com-
munity stress index. Results showed similar trends before and after the 
LTA treatment with higher values in micro-aggregates with respect to 
meso- and macro-aggregates in descending order (Table 3). 
3.3. Distribution of microbial exDNA and iDNA before and after different 
durations of LTA treatment 
Principal Coordinate Analysis (PCoA) based on Bray-Curtis similarity 
distance of the DGGE patterns of bacterial, fungal and archaeal DNA 
fractions (both exDNA and iDNA) are shown in Fig. 5. The exDNA-based 
composition of the bacterial community did not show differences as 
function of different aggregate size classes and different LTA treatment 
periods (Fig. 5). On the contrary, the iDNA-based composition of the 
bacterial community of the LTA-treated micro-aggregates at 48 h was 
different from those of meso- and macro-aggregates and to those within 
the same aggregate fraction after 5 and 24 h of LTA treatment. 
The PCoA plots of the fungal community displayed that the exDNA- 
based community clustered together irrespective of the LTA treatment 
period only in macro-aggregates (Fig. 5). Instead, the iDNA-based 
community clustered together regardless of the LTA treatment period 
in meso- and macro-aggregates (except the 24 h meso-aggregate) and 
the micro-aggregates resulted randomly distributed (0 h and 5 h were 
clustered together while 24 h and 48 h were clustered separately from 
each other and other times). In addition, fungal iDNA of macro- and 
meso-aggregates clustered together closely (Fig. 5). 
Compared to bacteria and fungi, archaea community showed dif-
ferences as function of different aggregate size classes and different LTA 
treatment. The composition of archaea revealed by exDNA-based DGGE 
of all the three aggregate size classes after 48 h was similar, as they 
clustered together (Fig. 5). Further, archaeal exDNA based community 
were clustered together regardless of the LTA treatment in meso- 
aggregates except 48 h, while archaeal iDNA of the undisturbed aggre-
gates (0 h LTA, control) clustered together for all three classes of ag-
gregates. Further, iDNA based community in macro- and meso- 
aggregates were clustered together under 24 and 48 h LTA treatments, 
while communities in micro-aggregates were clustered together after 
LTA treatments compared to undistributed aggregates (0 h). 
Moreover, the bacterial DGGE patterns showed that the community 
profile generated by using exDNA as template was characterised by a 
higher number of bands compared to those based on iDNA. Interestingly, 
opposite results were found for fungi and archaea with higher numbers 
of DGGE bands when iDNA was used as template (Data not shown). 
Table 1 
Effects of Low Temperature Ashing (LTA) on soil DNA as function of treatment time (T), aggregate size class (S) and their interaction on the percentage of remaining 
amount of extracellular (exDNA) and intracellular DNA (iDNA) from macro-, meso- and micro-aggregates and organic C after 5, 24 and 48 h of LTA treatments§. Values 
are F-values from two-way ANOVA (LTA treatment time (T) × aggregate size class (S)).  
Factor dfa exDNA iDNA 
Total dsDNA ssDNA Total dsDNA ssDNA 
Aggregate size class (S)  2 5.7** 28.2*** 3.0. 0.1ns 34.1*** 1.5ns 
LTA treatment Time (T)  3 134.6*** 411.3*** 72.2*** 115.6*** 249.9*** 62.89*** 
T × S  6 15.2*** 16.7*** 12.0*** 7.5*** 12.48* 5.1** 
dsDNA, double stranded DNA; ssDNA, single stranded DNA. 
§ Significance: .P < 0.1, *P < 0.05; **P < 0.01; ***P < 0.001; ns: not significant. 
a Degrees of freedom. 
Table 2 
Concentrations of extracellular DNA (exDNA), intracellular DNA (iDNA) and organic C of macro-, meso- and micro-aggregates at 0 h and after 5, 24 and 48 h of Low 
Temperature Ashing (LTA) treatments. Different letters in a column indicate statistically significant differences among the groups of samples (one-way ANOVA fol-
lowed by HSD Tukey’s test at P < 0.05).  
Aggregate size classes LTA treatment (h) exDNA (μg g− 1 of C) iDNA (μg g− 1 of C) 
Total dsDNA ssDNA Total dsDNA ssDNA 
Macro-aggregates 
1000–500 μm  
0 142.9 ± 4.2bc 53.0 ± 4.8c 99.8 ± 7.4bc 124.1 ± 7.4b 50.0 ± 2.0bc 74.1 ± 5.4b  
5 126.5 ± 17.0cd 42.0 ± 1.4d 84.5 ± 16.2bcd 90.1 ± 12.9bc 44.0 ± 1.2c 46.1 ± 12.3bc  
24 77.5 ± 2.6defg 13.9 ± 0.2ef 63.7 ± 2.8cde 54.0 ± 16.1cd 21.7 ± 1.2e 24.8 ± 8.6bc  
48 30.9 ± 5.1fgh 7.0 ± 0.3f 23.8 ± 5.4ef 6.5 ± 2.1e 3.3 ± 0.1gh 3.3 ± 0.6c 
Meso-aggregates 
500–100 μm  
0 197.8 ± 0.9b 68.1 ± 3.1b 129.7 ± 2.1b 204.4 ± 18.0a 63.8 ± 0.2a 140.6 ± 18.2a  
5 90.7 ± 16.5de 44.5 ± 1.8cd 46.2 ± 14.7def 41.7 ± 3.1cde 28.5 ± 2.3d 18.4 ± 1.2c  
24 78.7 ± 14.4def 22.0 ± 0.7e 44.7 ± 6.9cde 34.4 ± 17.8de 18.0 ± 1.2e 16.4 ± 0.9c  
48 45.2 ± 5.7efgh 14.4 ± 0.6ef 30.7 ± 5.1ef 15.2 ± 3.3de 8.2 ± 0.1fg 7.0 ± 3.2c 
Micro-aggregates 
<100 μm  
0 279.3 ± 0.4a 83.1 ± 1.2a 196.2 ± 1.5a 204.5 ± 6.7a 55.0 ± 2.1b 149.5 ± 8.8a  
5 179.9 ± 17.5b 65.0 ± 3.9b 114.8 ± 17.2b 44.1 ± 1.9cde 10.4 ± 1.2f 33.8 ± 0.8bc  
24 24.9 ± 2.4gh 7.9.0 ± 0.4f 17.0 ± 1.6ef 27.4 ± 1.7de 2.0 ± 0.0gh 23.8 ± 1.7bc  
48 12.6 ± 3.6h 4.8 ± 0.2f 7.8 ± 2.0f 8.2 ± 1.0e 1.6 ± 0.1h 6.5 ± 1.7c  
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4. Discussion 
We have investigated the effects of natural oxidative processes 
simulated by the LTA method (D’Acqui et al., 2017) to gain insights into 
the protection of SOM and DNA fractions (exDNA vs iDNA) and forms 
(DNAds vs DNAss) exerted by different soil aggregate classes. The LTA- 
induced C removal from the aggregates is a function of the character-
istics and organisation of soil particles (i.e. soil aggregates structure), 
which determines the size, shape, and network of pores and, thus, the 
plasma accessibility. The type of protection we accounted for within the 
aggregates plausibly entails the inaccessibility of soil microorganisms 
and limitation of O2 with obvious reduction of bio-chemical activities 
and turnover time (D’Acqui et al., 2017; Lützow et al., 2006; Six et al., 
2004; Stockmann et al., 2013). Both DNAds and DNAss forms were 
studied to get information about the integrity of bacterial, fungal and 
archaeal exDNA and iDNA fractions. The exDNA “fragment size” is 
crucial for maintaining its genetic information in the extracellular soil 
environment and thus, for the potential bacterial transformation (i.e. 
horizontal gene transfer) (Pietramellara et al., 2009). However, it is 
important to bear in mind that the mechanical/physical separation of 
soil sample into the different aggregate size classes through sieving, 
even if it is not a harsh treatment for soil microorganisms, may have 
caused microbial cells lysis, thus overestimating the amounts of exDNA 
with respect to iDNA. 
The degradation rate of all DNA forms (total, ds and ss DNA) of 
exDNA and iDNA was higher after 5 h than after 24 h and 48 h, sug-
gesting that these DNA forms were not stabilised by their interactions 
with the mineral fraction and as a consequence easily reachable by 
plasma oxidation. This DNA pattern is similar to the one of OM removal 
(Figs. 1 and 2), where the rapid reduction of OM after 5 h of LTA 
treatment is attributed to the oxidation of particulate organic matter 
(POM) that is occurring free inside the aggregates and does not chemi-
cally interact with the mineral phase within the aggregates (D’Acqui 
et al., 2017). During the intermediate stages of LTA treatments within 
0–48 h, high molecular weight substances were broken down into lower 
molecular weight substances (for example, DNA molecules were broken 
down into small DNA fragments, nucleotides, nucleosides and bases) 
and oxidised rapidly. Therefore, it is reasonable to hypothesise that 
these temporary fragments produced during plasma treatment and the 
ones potentially arisen by sieving could have minor effect during the 
intermediate phases but were not anymore present in the sample 
collected after 48 h. 
The greater amounts of exDNA (total DNA, DNAds and DNAss) of the 


























































































Fig. 3. Amounts of different types (extracellular- vs. intra-
cellular DNA) and forms of soil DNA: a) amount of total 
exDNA and total iDNA (Total; sum of ds and ss DNA) in 
undisturbed aggregates (not LTA treated, 0 h) of different 
sizes; b) amount of exDNA and c) iDNA in all of the three 
forms (total, ds and ss DNA) from undisturbed (not LTA 
treated) aggregate of different sizes. Data represent means 
and errors of three replicates. Different letters indicate sta-
tistically significant differences between DNA forms (one- 
way ANOVA followed by Tukey post hoc test, p < 0.05).   
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(Fig. 2b and Table 1) may be attributed to: i) the microbial lysis caused 
by the soil sieving which was higher in the micro- than in macro- and 
meso-aggregates; ii) the strong interactions of exDNA with surface- 
reactive minerals and organic components affecting the architecture of 
soil aggregate structure which are larger in micro-aggregates than in 
meso- and macro-aggregates (Pietramellara et al., 2009); and iii) the 
physical protection of exDNA against microbial degradation due to the 
smaller size and to possible reduced connectivity of pores in micro- 
aggregates than in macro- and meso-aggregates (Rabbi et al., 2016). 
These conditions may limit microbial accessibility and the diffusion of 
extracellular nucleases to the physically protected exDNA molecules, as 
it has been reported for other organic molecules (Keil and Mayer, 2013; 
Lützow et al., 2006; McCarthy et al., 2008). The preferential accumu-
lation of exDNAss with respect to exDNAds forms in untreated aggre-
gates (Fig. 3b) may be ascribed to the fact that the exDNAss molecules 
can interact stronger with organo-mineral particles than exDNAds 
molecules, likely contributing more to the formation of aggregates 
(Cleaves II et al., 2011). Ladd et al. (1996) reported that soil fine frac-
tions contained higher amounts of extracellular N organic compounds 




















































































Fig. 4. Physically protected DNA, after 48 h of LTA treatment: a) DNA Total; b) DNA ds; c) DNA ss. Data represent means and errors of three replicates. Different 
lowercase letters indicate statistically significant differences between DNA forms (One-way ANOVA followed by Tukey post hoc test, p < 0.05). 
Table 3 
Microbial community stress index calculated by iDNAss/iDNAds ratio for macro- 
, meso- and micro-aggregates at 0 h and after 5, 24 and 48 h of Low Temperature 
Ashing (LTA) treatments. Different letters in a column indicate statistically 
significant differences among different LTA time within each aggregate size class 
(one-way ANOVA followed by HSD Tukey’s test at P < 0.05).  
Aggregate size classes LTA treatment (h) Stress index (iDNAss/iDNAds) 
Macro-aggregates 
1000–500 μm  
0 1.48 ± 0.05a  
5 1.04 ± 0.27a  
24 1.17 ± 0.47a  
48 1.00 ± 0.20a 
Meso-aggregates 
500–100 μm  
0 2.20 ± 0.29a  
5 0.65 ± 0.02b  
24 0.30 ± 0.03b  
48 0.85 ± 0.39b 
Micro-aggregates 
<100 μm  
0 2.74 ± 0.27b  
5 3.33 ± 0.37b  
24 12.56 ± 0.65a  
48 4.12 ± 0.66b  
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coarse fractions. Similar processes may occur in micro-aggregates for 
important biological molecules such as DNA. By contrast, if we take into 
account the physically protected DNA (i.e. the residual amount of 
exDNA after 48 h of LTA treatment), the macro- and meso-aggregates 
exhibited higher residual values than the micro-aggregates (Fig. 3a, b 
and c). This last finding, that may seem contradictory, instead, would 
evidence the involvement of the protected exDNA in hierarchical ag-
gregation processes of the soil matrix (Oades and Waters, 1991). In fact, 
the larger concentration of protected exDNA in macro- and meso- 
aggregates might be linked to its contribution to connect micro- 
aggregates to form larger aggregates through strong and intimate in-
teractions with the mineral and/or organic matrix interfaces (clay, 
quartz, feldspar, oxides or hydroxides, humic acids extracellular poly-
saccharides) (Nielsen et al., 2006), resulting therefore, physically pro-
tected. Indeed, the fact that (ss- and ds-) exDNA is more abundant and 
more protected with respect to iDNA supports its important role in 
forming soil aggregates. Furthermore, the ss forms rather than the ds 
forms of exDNA are suggested to be more involved in aggregate struc-
ture development as cementing agent, as DNAss can interact more easily 
with surface-reactive particles than DNAds, as discussed above. Future 
research should verify this hypothesis also considering that several mi-
crobial mechanisms are responsible for the formation of soil structure 
(Nagler et al., 2018). However, not all physically protected DNA forms 
are likely involved in the direct binding of soil mineral particles to form 
aggregates (M.F. Costa et al., 2018; Nagler et al., 2018). Some other 
mechanisms might also be involved in the aggregate’s stabilisation 
processes (e.g. interactions with other organic material or just for 
entrapment) (Chaney and Swift, 1984; Kumar et al., 2013; Six et al., 
2002). 
The infrared photoacoustic spectroscopy (IR- PAS) showed that the 
chemical structure of organic matter (OM) removed from the macro- 
aggregate differed from that of the OM removed from micro- and 
meso-aggregates. Particularly, the removed protein-based material 
(Amide I and Amide II) was larger in macro-aggregates than in the other 
two size classes of aggregates (Fig. S1), likely due to the presence of 
larger amounts of non-degraded, or slightly degraded OM (i.e. POM). 
The amount of organic carbon (OC), as the total DNA (sum of DNAds 
and DNAss), was higher in micro-than meso- and macro-aggregates 
(Figs. 1 and 2), thus confirming the potential of micro-aggregates to 
stabilise SOM (D’Acqui et al., 2017; Keil and Mayer, 2013; Lützow et al., 
2006; McCarthy et al., 2008; Six et al., 2004). However, the relative 
percentage of physically protected OC (protected OC/total OC) was 
higher than that of physically protected DNA (protected DNA/total 
DNA), indicating that most of the OC of soil aggregates was not asso-
ciated with either exDNA or microbes (iDNA) (Figs. 1 and 2a–f). These 
results would substantiate the hypothesis that microbial metabolism is a 
less significant regulator of soil OC decomposition than the microbial 
habitat properties (i.e. pore network, etc.) (Kemmitt et al., 2008; 
Ruamps et al., 2013). 
The composition of bacterial, fungal and archaeal communities 
inhabiting the various aggregate size classes was assessed by compara-
tive PCR-DGGE of sequentially extracted exDNA vs iDNA, to gain in-
sights into the origin of the different DNA fractions of aggregates. 
Although the applied genetic fingerprinting method (DGGE) is restricted 
to reveal dominant populations of microbial communities, it is yet a fast 
and reproducible technique which allows an easy comparison and mo-
lecular screening of different samples (Muyzer and Smalla, 1998). In 
fact, although there are well known restrictions of the DGGE method 
(Nannipieri et al., 2003, 2017), our findings confirm that DGGE is 
capable to specifically answer well defined research questions, espe-
cially when performing comparative DGGE based on the fine-tuning 
DNA approach: exDNA vs iDNA of the total soil DNA pool (Agnelli 
et al., 2004; Ascher et al., 2009; Chroňáková et al., 2013). Generally, 
exDNA was characterised by higher genetic biodiversity, expressed as 
and reflected by the number of DGGE bands, compared to iDNA. The 
additional exDNA bands could be ascribed to DNA released from 
dominant and potentially also from rare species that survived in soil due 
to physical protection of exDNA molecules by i) adsorption onto surface- 
reactive soil particles or ii) entrapment in micro-pores, thus preventing 
their degradation by extracellular nucleases (Ascher et al., 2009; Nagler 
et al., 2018; Pietramellara et al., 2006, 2009). Further, this aspect also 















Fig. 5. Principal Coordinate Analysis (PCoA) based on Bray-Curtis similarity index of bacteria, fungi and archaea communities of extracellular (exDNA) and 
intracellular DNA (iDNA) in macro-, meso- and micro-aggregates for the different durations of LTA treatments (0, 5, 24, 48 h). Letters L, M and S indicate aggregate 
sizes for macro-, meso- and micro-aggregates, respectively. 
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characterisation of the microbial community (Carini et al., 2017). 
Therefore, for the correct interpretation of microbial community data, 
also the potential masking effect of exDNA over iDNA of the total DNA 
pool (environmental DNA) has to be taken into account, especially when 
molecular screening is performed on directly extracted total environ-
mental DNA, as performed routinely (Corinaldesi et al., 2018; Nagler 
et al., 2018, 2021; Nannipieri et al., 2020). 
The PCoA of bacterial, archaeal and fungal DGGE patterns displayed 
contrasting results. There were no differences between bacterial DGGE 
patterns of exDNA and iDNA as function of either aggregate size classes 
or LTA treatments. Anyways, potential differences might be revealed by 
employing higher resolution taxonomical investigations based on 
amplicon sequencing or metagenome approach (Nannipieri et al., 2003, 
2017). In contrast, fungal and archaeal DGGE-patterns showed direct 
relationships with both aggregate size classes and the LTA treatment, 
which evidenced a selective action of aggregate sizes on the predomi-
nant community members (Six et al., 2000, 2004). The fungal commu-
nity mainly prevailed in macro- and meso-aggregates, especially for 
iDNA. The higher occurrence of fungi in larger aggregates with respect 
to smaller ones is expected due to their size distribution (5–50 μm 
average size), thus requiring larger pores for their establishment than 
bacteria (0.5–5 μm average size) which can colonise also smaller pores 
(Wilpiszeski et al., 2019). The physical properties/size ranges of 
eukaryotic cells such as fungi in the samples soils versus the effect of the 
analyses of the examined aggregate sizes could perhaps benefit from 
more attention in further work. Further, the fungal mycelium is known 
to act as a ‘sticky string bag’ entangling particles within the hyphal 
network and cementing particles together through extracellular poly-
saccharides (EPS) production, thus contributing to the formation of 
large aggregates (Oades and Waters, 1991; Six et al., 2004; Wilpiszeski 
et al., 2019). 
Interestingly, the dominant archaeal community members displayed 
different behaviour with respect to bacteria and fungi. In fact, they 
clustered irrespectively of the aggregate size classes, showing similar-
ities within the LTA treatments. This was particularly evident for the 
protected exDNA (i.e. 48 h LTA treatment) and the undisturbed iDNA (0 
h LTA). Probably these differences in microbial community distributions 
could be ascribed to the physico-chemical characteristics of the different 
sizes of aggregates that play a vital role in determining the ecology of 
various microbial communities, their distinct metabolic activities and 
their survival rates in environmental stress (Six et al., 2004; Wilpiszeski 
et al., 2019). However, with the present data it is difficult to give further 
explanations and certainly, as above reported, deeper taxonomical in-
vestigations are needed to gain a broader picture of these complex 
dynamics. 
In relation to the level of oxidative stress on the DNA of living cells 
(iDNAss/iDNAds- stress index), our data evidenced that living cells were 
less stressed inside of micro-aggregates compared to meso- and macro- 
aggregates (Table 3). This phenomenon could be ascribed to the phys-
ical characteristics of the micro-aggregates that increase the isolation of 
its inhabiting microbial community with respect to those colonising the 
meso- and macro-aggregates. From these data, even if preliminary, the 
dominance of the physical properties of aggregates in affecting the 
oxidation dynamics on the microbial community with respect to exog-
enous factors is shown. 
The discussion of our findings is limited due to the lack of similar 
experiments. In fact, our study is the first attempt of studying the 
different size classes of soil aggregates as protecting agents of soil OM 
against natural oxidation simulated by the LTA method. Our focus was 
on the protection of the autochthonous microbial community based on a 
fine-tuning DNA approach, i.e. discriminating not only between the 
extracellular and intracellular fractions of the soil DNA pool but also 
between the single- and double stranded DNA forms. Our findings pro-
vide interesting information that encourages further investigations on 
the potential of soil aggregates to protect its microbiota within the 
context of future climate-change scenarios. 
5. Conclusion 
Among all studied aggregate size classes, the highest amount of DNA 
was found in the micro-aggregates, where exDNA was the prevailing 
DNA fraction. This indicates the important role of the soil micro- 
aggregates in protecting/preserving i) the genetic information in the 
soil ecosystem and thus, ii) the potential bacterial transformation in 
terms of horizontal gene transfer, with possible evolutionary implica-
tions. Furthermore, the single stranded DNA form generally prevailed 
over the double stranded form, independently of the DNA fraction 
(exDNA vs iDNA) and aggregate size class. This finding indicates the 
predominance of the degraded forms of the DNA pool and a diffuse stress 
situation in the soil inhabiting microbial community mainly induced by 
endogenous (aggregate property) and not exogenous factors (LTA 
treatment). Further, the use of the LTA method to simulate the oxidative 
degradation combined with the quantitative and qualitative assessment 
of the physically protected DNA evidenced the potential involvement of 
exDNAss in the formation of macro- and meso-aggregates. 
The different aggregate sizes evidenced the selective action on the 
dominant microbial community members, showing, through the fine- 
tuning DNA analysis, that the fungal community prevailed in macro- 
and meso-aggregates over micro-aggregates. These implications lead to 
strengthen the emerging view of considering the persistence, other than 
the soil organic matter, of microbial genetic information related to soil 
property and functions. However, to better understand the role of mi-
crobial communities of soil aggregates with regard to overall OM dy-
namics, further studies on different soil types and applying higher 
resolution molecular downstream analyses are needed. Moreover, a 
potential bias due to different extraction efficiencies needs future 
investigation. 
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